We examined the association between salivary mitochondrial DNA (mtDNA) copy number and chronic fatigue combined with depression and insomnia. Methods: This cross-sectional study included 58 healthy adults with moderate to severe fatigue (Brief Fatigue Inventory [BFI] ≥4) for longer than 6 months. Subjects were classified as those without combined symptoms, with either depression (Beck Depression Inventory [BDI] ≥13) or insomnia (Pittsburgh Sleep Quality Index [PSQI] ≥5), or with both depression and insomnia. Salivary mtDNA copy number was measured by real-time quantitative polymerase chain reaction. The association was evaluated using a general linear model. Results: About 76% of participants had either depression or insomnia as additional symptoms. These subjects were predominately female, drank more alcohol, and exercised less than those without combined symptoms (P<0.05). The group with both depression and insomnia exhibited significantly higher BFI and lower mtDNA copy number than those without combined symptoms (P<0.05). After adjusting for confounding factors, significant negative associations between mtDNA copy number and usual fatigue were found in the group without combined symptoms, whereas the negative associations in the group with combined symptoms were attenuated. BDI and PSQI were not associated with mtDNA copy number. Conclusion: Chronic fatigue is negatively associated with salivary mtDNA copy number. Salivary mtDNA copy number may be a biological marker of fatigue with or without combined symptoms, indicating that a separate approach is necessary.
introduCtion
Fatigue is often indicated by feelings of general exhaustion, tiredness, and reduced energy levels. 1) People experiencing fatigue are likely to have additional symptoms, such as mood changes, cognitive deficits, and sleep disturbances in their daily life. 2) In the general population, the prevalence of fatigue and related psychological symptoms is 5.6%. 3) Addressing these symptom combinations may improve recovery from stressful situations, 4) and differentiating treatment according to the particular symptom combination is more likely to be successful. 2) Furthermore, fatigue with additional symptoms has been associated with a number of chronic diseases, including arthritis, asthma, and anemia. 5) The annual total health care costs of patients with combined fatigue symptoms was greater than those without combined symptoms ($14,462 versus $9,971). 2) Fatigue is a manifestation of decreased efficiency of cellular energy systems, primarily in the mitochondria. 6) Mitochondrial dysfunction or damage results in a decrease of mitochondrial adenosine triphosphate (ATP) production rates. 7) The number of mitochondrial DNA (mtDNA) copies are indicative of mitochondrial biogenesis and reflect mitochondrial function. 8) Decreased mtDNA copy numbers have been reported in aging, type 2 diabetes, cancer, and neurodegenerative disease. 8) In previous studies, depleted mtDNA, resulting in mitochondrial malfunction, has been implicated in neuropsychiatric disease. 8, 9) Peripheral blood mtDNA content (mtDNA/genomicDNA ratio) in a fatigued patient was similar to that of a healthy control. 10) In addition, depressive symptoms in a young patient were not associated with leukocyte mtDNA copy number in blood. 11) However, leukocyte mtDNA copy number in blood and clinically stable depressive disorder are negatively associated. 12) Recently, an association between psychological adversity, as well as disease, and mtDNA copy number was reported in physically healthy young adults. 13) As described above, studies thus far have yielded discrepant findings. Moreover, the association between salivary mtDNA copy number and chronic fatigue with additional symptoms has not been investigated. In non-malignant patients, mtDNA mutations were more efficiently detected in buccal epithelial cells than blood samples. 14) Salivary samples can be easily, noninvasively, and efficiently acquired. 15) Therefore, they are suitable DNA sources for screening or preventive purposes.
Our aim in this study was to examine the association between salivary mtDNA copy number from buccal epithelial cells, and chronic fatigue with or without depression or insomnia. 
Methods

study subjects
study Variables
We measured height, weight, and blood pressure. Weight (kg) and height (cm) were measured using standardized scales and stadiometers while wearing light clothing. Body mass index (BMI) was calculat- We measured fatigue using the BFI-K, which consists of nine questions. Fatigue and its interference with daily living were scored by patients on a scale from 0 to 10, which ranged from 'no fatigue' to 'fatigue as bad as you can imagine. ' The internal consistency of the Korean version was very high (Cronbach's α coefficient=0.96), and validity was confirmed by factor analysis. 16) The BFI-K was evaluated for fatigue 'now, ' 'usual' fatigue, and 'worst' fatigue during the last 24 hours. Aspects evaluated included general activity, mood, walking ability, normal work (both outside of the home and daily chores), relationships with other people, and enjoyment of life. 17) Since BFI-K scores for 'usual' fatigue are 4.07±2.27 in the general Korean population, 1) only participants with a BFI-K score greater than four were included in the study. We assessed depression and sleep quality, using a self-evaluation questionnaire. The Beck Depression Inventory (BDI) is one of the most widely used self-reporting instruments for measuring the severity of depression. Each symptom is rated on a 4-point intensity scale, and scores are added to produce a total within the range 0 to 63. The BDI is useful in screening depression in the general population, as well as measuring the severity of depression among psychiatric patients.
18)
The Pittsburgh Sleep Quality Index (PSQI) is used worldwide to evaluate sleep quality during the previous month. The Korean version of the PSQI has previously been tested for reliability (Cronbach's α coefficient=0.84), sensitivity (0.943), and specificity (0.844). 19) Depression was defined as a total BDI score of more than 13 points, while insomnia was defined as more than five points on the PSQI.
Measurement of Mitochondrial dnA Copy number
Buccal epithelial cells of all participants were collected from saliva, af- 
statistical Analysis
To evaluate the relationship between mtDNA copy number and the characteristics measured using BFI-K, BDI, and PSQI, we compared these variables according to the tertile distribution of the log-transformed mtDNA copy number. All analyses used a logarithmically transformed mtDNA copy number.
Clinical characteristics, BFI-K, BDI, PSQI, and mtDNA copy number for the three groups (1) without combined symptoms, (2) with either insomnia or depression, and (3) with both insomnia and depression of fatigue patients were compared by Kruskal-Wallis or chi-squared test.
To assess the association between mtDNA copy number and fatigue according to combined symptoms, the percent difference (95% confidence interval) of mtDNA copy number per one point increase in BFI- 
results
After excluding two participants with uncontrolled anemia and corticosteroid usage, 58 subjects were analyzed in total. All subjects had moderate to severe fatigue, but did not receive any treatment for depression or insomnia.
Characteristics of study subjects, including BFI-K, BDI, and PSQI of individuals grouped into tertiles of log-transformed mtDNA copy number, are shown in Supplementary table 1. The lowest tertile had a higher BFI-K score than the other groups, but with no significant difference, except in walking ability (P=0.04). The BDI, PSQI, and clinical characteristics did not differ between the tertile groups. Table 1 shows the characteristics of the study subjects. About 76% of participants had depression or insomnia as an additional symptom.
Up to 38% of participants had both insomnia and depression. Fatigue patients with multiple symptoms were predominately female and had a higher alcohol intake per week than those without multiple symptoms. Less frequent exercise in fatigue patients with multiple symptoms was also observed. The study population consisted of relatively healthy subjects. A few subjects had a non-serious illness such as hypertension, osteoporosis, or benign prostate hyperplasia. One subject had a depressive disorder by doctor's diagnosis, but was not receiving any medication. No difference was observed between the three groups with regard to BMI, hemoglobin, TSH, coffee intake, or smoking habits.
The distribution of BFI-K, BDI, and PSQI according to the combination of symptoms is shown in Table 2 . Fatigue patients with both depression and insomnia had a higher overall fatigue score. In particular, they showed significantly higher levels of fatigue 'now, ' 'usual' fatigue, and 'worst' fatigue during the last 24 hours than patients without combined symptoms. Figure 1 shows the variation in salivary mtDNA copy number in fatigue patients depending on the combination of symptoms. Fatigue patients with both insomnia and depression had a lower copy number of mtDNA than those without combined symptoms (P<0.05).
The relationship between mtDNA copy number and BFI-K, BDI, and PSQI is shown in Table 3 . After adjusting for age and sex, a negative association was found between mtDNA copy number and BFI-K, BDI, and PSQI. However, the negative association was not significant. Values are presented as mean±standard deviation. *P-value <0.05 between group without combined symptom and group with both insomnia and depression. † P-value <0.05 between group without combined symptom and group with one of the combined symptoms. ‡ P-value <0.05 between group with one of the combined symptoms and with both insomnia and depression. Moreover, the association between fatigue, depression, and sleep quality, and mtDNA copy number disappeared in the combined symptoms group. After adjusting for age, sex, BMI, smoking status, alcohol intake, physical exercise, and comorbidities, fatigue patients without combined symptoms displayed significant negative associations between mtDNA copy number and usual fatigue within the preceding 24 hours. The negative association in fatigue patients with depression or insomnia was attenuated. BDI and PSQI in fatigue patients with insomnia and/or depression had no consistent associations with mtDNA copy number.
disCussion
In this study, a negative association between salivary mtDNA copy number and 'usual' fatigue during the preceding 24 hours was observed in chronic fatigue patients without combined symptoms, although subjects with combined symptoms had a higher BFI score and lower mtDNA copy number. In other words, the negative association between mtDNA copy number and BFI was attenuated in patients with combined symptoms.
Mitochondrial dysfunction has been investigated as a potential contributor to fatigue. 22) The association between mitochondrial biogenesis and fatigue could be explained by reactive oxygen species, as mitochondrial components are known to be susceptible to damage by them. 23) However, based on measurements of mtDNA content, literature reviews have observed inconsistent associations between mitochondrial dysfunction and fatigue. 22) As an example, the peripheral blood mtDNA content (mtDNA/genomicDNA ratio) in a fatigued patient was similar to that of a healthy control. 10) However, in this study, the negative association between salivary mtDNA copy number and usual fatigue level in chronic fatigue patients was confirmed with a salivary sample.
This result has to be interpreted carefully, because the negative association between fatigue and mtDNA copy number is attenuated in fatigue patients with combined symptoms. In fact, a net positive association was observed in fatigue patients with combined symptoms, although it was not statistically significant, because of positive or null associations between BDI or PSQI, and BFI-K. Additionally, fatigue patients with both insomnia and depression had a lower mtDNA copy number than those without combined symptoms. A suggested explanation is that the fatigue scores of the patients with both insomnia and depression were higher than the scores of other groups.
The associations between fatigue and mtDNA copy number can be explained by neurotransmitter pathways. 24) Depression is affected by various neuronal circuits, 25) but is primarily regulated by the serotonergic system (5-hydroxytryptamine, 5-HT). Insomnia is caused by dysregulation of the sleep center, which also involves serotonin receptors. 24) Fatigue is mediated by the limbic cortex and locus coeruleus, part of the reticular activating system that controls attention and concentration, 24) and normal fatigue is confirmed to have a positive association with serotonin receptor 2A. 26) However, if the 5-HT receptor is downregulated for a prolonged period, receptor numbers and affinity are consequently reduced, as has been confirmed using a specific radio-ligand and positron emission tomography. 27) Consistent with this suggestion, the serotonergic effect in chronic fatigue patients without depression is the opposite of that observed in neuroendocrine studies of patients with major depression. 28) Therefore, the level of serotonergic receptors in chronic fatigue would be decreased with combined symptoms, via adaptive neurobiological changes. 27) The serotonergic system affects peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), the master regulator of mitochondrial biogenesis. 29, 30) A 5-HT receptor agonist consequently affects PGC-1α levels, mitochondrial protein ATP synthase β expression, and mtDNA copy number. 29, 30) Therefore, in chronic fatigue patients with both depression and insomnia, although they have a higher fatigue level, the inverse associations between mtDNA copy number and BFIs can be attenuated, due to up-regulation of the 5-HT receptor from depressive mood or sleep disturbance. Therefore, the association between mtD-NA copy number and chronic fatigue may be different depending on the symptom combination. This finding aids understanding of inconsistent associations between mitochondrial dysfunction and fatigue.
In Chang et al., 12) patients with major depressive disorders had decreased leukocyte mtDNA copy numbers compared to control subjects, and an increase in oxidative damage of mtDNA. These findings are inconsistent with our study, which showed that depressive symptoms did not produce any significant association between mtDNA copy number and BDI. This discrepancy can be explained by the fact that reduced mtDNA copy number in major depressive disorders, but not depressive mood, may be a product of downregulation by reactive oxygen species, if exposure is prolonged.
12)
Since chronic fatigue is likely not a single illness with a unique etiology, but rather a heterogeneous spectrum of illnesses, developing targeted treatments will require distinctions between subtypes and a customized approach. 31) Trying to identify biomarkers of chronic fatigue may be helpful; however, until recently, the biomarkers related to potential etiologies, such as mitochondrial dysfunction, were ambiguous. 31) A major aim of this study is to suggest characteristic biological features of chronic fatigue types, depending on symptom combination. In particular, salivary mtDNA copy number could be considered as a biological marker of fatigue with/without combined symptoms in screening or pre-clinical settings.
Our study has some limitations. Firstly, as this was a cross-sectional study, it was not possible to establish the exact pathophysiology linking mtDNA copy number, chronic fatigue, and combined symptoms.
Secondly, we did not measure mtDNA copy number of controls without fatigue symptoms, 5-HT receptor binding affinity, or oxidative damage of mtDNA to explain the pathogenesis of decreased mtDNA copy number in our fatigued subjects. This study presents intriguing results, and further research is needed to fully understand the association between mtDNA and fatigue, and for generalizability or cut-off value. Thirdly, the participant was generally healthy. Therefore, it must be careful when these results were expanded to people with chronic illness or who were taking medication. Further study is needed to evaluate the association in the context of comorbidities, smoking, or alcohol intake. Lastly, because chronic fatigue likely originates from various etiologies, the questionnaire was limited in its ability to prove the associations between subjective symptoms and biological measurements. Furthermore, although many biological studies in chronic fatigue have been conducted, it is difficult to find correlations between biological markers and subjective self-reported symptoms. Nonetheless, improvements in the understanding of chronic fatigue, including these combined symptoms, could provide more objective support for diagnosis and choice of therapy.
In conclusion, chronic fatigue is negatively associated with salivary mtDNA copy number. The negative association between mtDNA copy number and chronic fatigue in patients without comorbid depression and insomnia was sustained; however, the negative association of chronic fatigue with mtDNA copy number in those with comorbid depression and insomnia was attenuated. Considering the relationship between copy number and chronic fatigue, salivary mtDNA may have a role as a diagnostic biological marker for an individualized approach to treating this life-altering disease.
